Abstract. An analytical model of magnetosheath plasma flow is described and compared with a large dataset of magnetosheath ion flow velocity measurements from Cluster and THEMIS spacecraft. The model is based on previous works by Kobel and Flückiger (1994) and Génot et al. (2011) and has been modified to overcome the restrictions of these models on the shape of model magnetopause and bow shock. Our model is compatible with any parabolic bow shock model and arbitrary magnetopause model. The model is relatively simple to implement and computationally inexpensive, and its only inputs are upstream solar wind parameters. Comparison with observed data yields a good correspondence: median error in the direction of flow velocity is comparable with the instrumental error, and flow magnitude is predicted with a reasonable accuracy (relative error in flow speed was less than 25 % for 86.5 % of observations).
Introduction
Modeling of the flow of solar wind plasma around the magnetosphere of the Earth has a long history reaching back to the dawn of space exploration. After the supersonic solar wind is decelerated and heated at the Earth's bow shock, it flows almost laminarly around the magnetospheric cavity, forming the region known as the magnetosheath. A good magnetosheath flow model is required in a wide range of space plasma studies. In the context of interpretation of in situ spacecraft data, such a model can be applied to trace the flow of magnetosheath plasma from the point of observation inside the magnetosheath (location of the spacecraft) to the point of origin of the same flowline at the bow shock (for example Tátrallyay and Erdős, 2002; Tátrallyay et al., 2008; Génot et al., 2011; Hayosh et al., 2005) or to trace the plasma flow between two spacecraft. The model then provides information on the history of the observed plasma and also on the heating process at the bow shock. The properties of the shock heating depend significantly on local shock parameters, such as the angle between the shock normal and the upstream interplanetary magnetic field (IMF), Bn , and the angle between the shock normal and solar wind flow velocity. The exact point of origin at the shock therefore needs to be determined with a reasonable accuracy.
As mentioned for example by Génot et al. (2011) , an important property of any magnetosheath velocity model is its practical usability. We set the following criteria for a usable and easily adoptable magnetosheath flow model: (1) It should be relatively easy and computationally inexpensive to implement and adapt to the needs of a specific application. This is particularly important for large statistical studies, where the model needs to be evaluated for every datapoint. (2) All input parameters and initial conditions should be easily accessible. Ideally, measured upstream solar wind parameters and spacecraft position should be the only inputs to the model.
Existing magnetosheath models
The problem has mostly been approached by some form of approximate solution to the gas-dynamic equations governing the flow of unmagnetized fluid around an obstacle represented by the magnetopause. One of the earliest and still widely used models is the hydrodynamic model (Spreiter et al., 1966) , which serves as a basis for a complete predictive solar wind-magnetosheath interaction model Stahara, 1994, 1980; Stahara et al., 1993; Song et al., 1999a) and has also been applied to model the magnetospheres of other planets of the solar system (for a review of this class of models, see Stahara, 2002) . To our knowledge, this gasdynamic model is the only magnetosheath flow model which has been systematically tested against in situ spacecraft observations. Comparison of the model prediction with measurements from ISEE-2 (Song et al., 1999b; Stahara et al., 1993) , Pioneer VI , IMP-1 and other spacecraft ) demonstrated a remarkably good correspondence between the model and observations. A major drawback of this model is, however, its computational complexity: each application of the model to a particular set of upstream conditions requires a numerical solution of a set of differential equations on a two-or threedimensional grid.
The magnetosheath flow model proposed in the present paper is based on an analytical model first developed in Kobel and Flückiger (1994) (hereafter KF94 model) and on its extension presented recently in Génot et al. (2011) . The original KF94 paper describes an analytical model for the magnetosheath magnetic field, assuming that the IMF does not penetrate inside the magnetosphere and that currents are only present at the bow shock and the magnetopause (∇ ×B = 0). The expressions for the magnetic field are then obtained by solving the Laplace equation for magnetic field potential in parabolic coordinates. The authors themselves mention that for a special case where the IMF is parallel to the solar wind flow, the magnetic field-lines coincide with the plasma flowlines and the KF94 model can thus be used as a magnetosheath flowline model. This model has been exploited in several studies to trace the magnetosheath plasma flowlines (Tátrallyay and Erdős, 2002; Tátrallyay et al., 2008; Génot et al., 2011) . In particular, Génot et al. (2011) developed the model further by estimating the downstream flow velocity from Rankine-Hugoniot relations and introducing an ad hoc density model to account for the observed density drop near the magnetopause.
Several other simple models, where the flow velocity vector can be expressed by an analytical formula, have been proposed in the literature. Russell et al. (1983) used a simple analytical expression to approximate the plasma flow streamlines in their study, but no attempts to relate the model to magnetospheric boundaries or to validate the model were made. Kallio and Koskinen (2000) introduced a semiempirical model for the magnetosheath magnetic fields assuming paraboloidal shock and magnetopause and a specific magnetospheric field model. This model is empirical in the sense that its functional form was constructed to resemble the shape of magnetosheath flowlines obtained in numerical simulations and includes several free parameters that can be adjusted to obtain a good fit. Romashets et al. (2008) developed a more sophisticated analytical model of the solar wind and magnetosheath magnetic field, compatible with Rankine-Hugoniot conditions and basic physical constraints imposed by Maxwell's equations and expected field geometry at the magnetopause. This model is again formulated in parabolic coordinates and imposes strong restrictions on the shape of the magnetospheric boundaries.
In principle these alternative models of magnetosheath flow (Romashets et al., 2008; Kallio and Koskinen, 2000) , in their simplified form where only the plasma flow velocity is calculated, could be used in this study instead of KF94. We chose the KF94 model primarily for its simplicity, consistency and tractability. The empirical Kallio and Koskinen (2000) would have to be adjusted by a proper choice or fitting of the free parameters for this purpose. This would introduce an additional empirical element in the model, which we prefer to avoid. The Romashets et al. (2008) model would be more appropriate, being similar to KF94 in the formulation, assumptions and boundary conditions. However, for our application the KF94 formulation is much more tractable, expressing the magnetic field vector (and the flow velocity vector) by relatively simple formulas in Cartesian coordinates using parameters with a direct physical interpretation. Furthermore, since both models start from the same assumptions and use identical shapes of the shock and magnetopause boundaries, the results should be consistent for the special case we use.
With the exception of the gas-dynamic models based on the approach of Spreiter et al. (1966) , none of the above models have been systematically tested and validated using spacecraft data. Furthermore, the practical use of the KF94 model (as well as Kallio and Koskinen, 2000, or Romashets et al., 2008 ) is complicated by the assumed shape of the bow shock and the magnetopause. The model is formulated in parabolic coordinates and both boundaries are expressed as iso-contours. The model thus requires the bow-shock and the magnetopause to be modeled by paraboloids with the same focus. The shape of each boundary is then fully determined by a single parameter (for example the stand-off distance). The choice of bow-shock and magnetosheath models is thus severely restricted, and the acceptable models may not fit the physical boundaries very well. This problem is most severe at the flanks of the magnetosheath; the parabolic approximation is reasonably accurate in the sub-solar magnetosheath but progressively worsens further downstream. This effect is demonstrated in more detail in Sect. 3.2.
In this paper we present a magnetosheath flow model, based on the works of Génot et al. (2011) and Kobel and Flückiger (1994) , which overcomes the above difficulties. Our model allows calculating the plasma flow velocity vector for a given point in the magnetosheath using only the spacecraft position and solar wind parameters as an input. The model is compatible with a wide range of bow-shock and magnetopause models and retains the simplicity and computational efficiency of the original models. The model is described in Sect. 2, and its performance is evaluated on a large statistical dataset of velocity measurements from Cluster and THEMIS spacecraft in Sect. 3.
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The proposed model is formulated in an aberrated GSE coordinate system, obtained by a rotation of the GSE coordinates such that the solar wind flow velocity is aligned with the x-axis. This correction is performed to compensate for the aberration of solar wind flow due to the orbital motion of the Earth. In this corrected coordinate system, the problem is considered cylindrically symmetric around the x-axis. Furthermore, we introduce a spherical coordinate system associated with the aberrated GSE coordinates:
where ϑ is the angle between the vector r = (x, y, z) and the aberrated GSE x-axis, and ϕ is an azimuthal angle in the y-z plane (the angles ϑ and ϕ correspond to the zenith and clock angles of Verigin et al., 2006) . Our magnetosheath flow model is based on the magnetic field model introduced in Kobel and Flückiger (1994) . For clarity, all coordinates and variables associated with the KF94 model are identified by a tilde (˜). In the KF94, the bow-shock and the magnetopause are modeled by parabolic surfaces with stand-off distances R bs and R mp and a common focus at r f = (R mp /2, 0, 0):
where b bs = 1/(4R bs −2R mp ) and b mp = 1/2R mp . The above can be rewritten in spherical coordinates as r {bs,mp} = − cos ϑ + cos 2 ϑ − 4R {bs,mp} b {bs,mp} sin 2 ϑ 2b {bs,mp} sin 2 ϑ .
In a special case where the IMF is parallel to the solar wind flow velocity, the magnetic field lines also represent the flowlines of solar wind and magnetosheath plasma. Note that this analogy between the flow velocity direction and magnetic field vector can only be used for the direction of the vectors and the same does not apply to the relative magnitude. Using this property, the KF94 flow velocity vector at a point r = (x, y, z) can be written as:
where v m0 is a positive constant linked to the magnitude of the flow velocity (not addressed by the original KF94 model, which will be discussed in Sect. 2.2), r f = (x f , 0, 0) the common focus of the paraboloid surfaces, d = |r − r f | and C = R mp (2R bs −R mp )/(2R bs −2R mp ). Equations (3) Note that f is negative in this case, as the focus x f is being shifted anti-sunward to decrease the curvature of the model surface.
Flückiger (1994) by substituting for their B IMF a vector parallel to the GSE x-axis, in our case (−v m0 , 0, 0). The geometry of the model and its parameters are schematically depicted in Fig. 1 . Note that the reference paper uses a different Cartesian coordinate system with the origin at the focus of the parabolas, where the −Z axis coincides with GSE +X axis.
Rescaling the KF94 model
As mentioned previously, a major drawback of the KF94 model is the fixed shape of the bow shock and magnetopause given by Eq. (2), where the "flaring" parameter b {bs,mp} is uniquely determined by the stand-off distance. This problem can be overcome by rescaling the model to fit a pre-defined shape of the bow shock and magnetopause. In this study we use a general paraboloidal bow shock model of the form (2), where the "flaring" parameter b bs can be chosen independently on R bs . Many standard and well tested bow shock models (Filbert and Kellogg, 1979; Farris et al., 1991; Farris and Russell, 1994; Cairns et al., 1995) are formulated or can be easily recast in this form. We used a standard magnetopause model described in Shue et al. (1997) , but the method can be easily modified to accommodate other magnetopause shapes.
Let the bow shock be modeled by a paraboloid (Eq. 2) with parameters R mp . We will now rescale the KF94 model to match these prescribed boundaries in two steps.
In the first step, the common focus of the paraboloid KF94 models is shifted along the x-axis to make the bow shock model (Eq. 2) coincide with the desired bow shock model. In the KF94 model, the bow shock surface is described by Eq. (2) where the parameter b bs is fully determined by R bs and R mp , as b bs = 1/(4R bs − 2R mp ).
When we introduce a transformation
to Eq. (2), the focus of paraboloids is shifted by f , but the parameters R bs and R mp are corrected to keep the standoff distances of the boundaries from the Earth unchanged. However, the curvature of the paraboloidal surface is modified by this transformation as
Therefore, the transform (4) with
can be used to rescale the shock surface to fit arbitrarily chosen parameters R bs . The rescaling procedure is also illustrated in Fig. 1 . The shock and magnetopause surfaces, as well as the flow vector corresponding to the rescaled model, can now be obtained from Eqs. (2)-(3) with corrected parameters (4). Hereafter, we refer to this rescaled model as KF94R.
The effect of the rescaling is demonstrated in Fig. 2 . The two left panels show a comparison of the KF94 shock and magnetopause (in red) with a paraboloid model bow-shock (Farris et al., 1991) (blue) and a Shue et al. (1997) model (black) . Model flowlines are also plotted. The top three plots correspond to average shapes of the boundaries, the bottom plots to a more extreme high Mach number event modeled based on solar wind conditions from 1 April 2007, 00:00 UT (from OMNI2 data: M A = 12.2, β = 3.7). It is easily seen that both models agree reasonably well in the sub-solar region, but the correspondence gets worse further downstream on the flanks of the magnetosheath and a large fraction of the magnetosheath may not be correctly covered by the KF94 model.
The two plots in the middle column of Fig. 2 show the same comparison for the rescaled KF94R model. After this rescaling, the new KF94R bow shock coincides exactly with the desired paraboloidal bow shock. The KF94R magnetopause is however deformed and deviates from the Shue et al. (1997) model, often more than in the original KF94 implementation.
The problem is remedied in the second step of the rescaling procedure. This step is based on the assumption that the flow velocity vector at a given point in the magnetosheath can be approximated by the velocity at a corresponding point in the model KF94R magnetosheath, at the same angle ϑ and at the same fractional distance F . The latter quantity is defined as
and together with angles ϑ and ϕ forms an alternative curvilinear magnetosheath coordinate system, named "Magnetosheath-Interplanetary Medium" (MIPM) reference frame by Verigin et al. (2006) . Here, r bs and r mp are the radial shock and magnetopause distance, respectively, in the direction given by ϑ for the chosen models. To calculate the flow velocity at a given point r in the magnetosheath, we proceed as follows: (i) The MIPM coordinates (F, ϑ, ϕ) are calculated using Eqs. (1) and (7) with the chosen models for the bow shock and the magnetopause, in our case Farris et al. (1991) and Shue et al. (1997) . (ii) We calculate the corresponding KF94R pointr with the same MIPM coordinates, but usingr bs andr mp from the KF94R model in Eq. (7). (iii) Fromr is calculated the velocity vectorṽ in the KF94R reference frame using Eq. (3). (iv) The velocity vectorṽ is transformed back from the KF94R magnetosheath to the original GSE reference frame. This last step is more complicated to be tackled analytically, because the transformation is non-linear and depends on the form of the magnetopause model. It is however easily solved approximately by choosing a small time increment t and calculating the position of an adjacent point on the same flowlinẽ r =r +ṽ t. The pointr is then easily transformed from the KF94R reference frame to the original GSE frame in a manner analogous to steps 1 and 2 above (let r be the resulting advanced GSE point). The resulting flow velocity vector in GSE coordinates is obtained as v = (r − r)/ t.
The two rightmost plots in Fig. 2 show the final rescaled model. Clearly, both the shock and magnetopause boundaries fit exactly the desired model shapes, and the flowlines are scaled accordingly.
Flow velocity magnitude
The procedure described in the previous section gives the direction of plasma flow velocity for any point in the magnetosheath. Further effort is necessary to obtain the magnitude of the velocity vector; the above model includes an unknown constant v m0 in Eq. (3) which still needs to be calculated. In this work we follow the approach proposed in Génot et al. (2011) , where the analogy between magnetic field and plasma mass flow, ∇(ρv) = ∇B = 0, is exploited further. For a given point r in the magnetosheath, the above model (where we set v m0 = 1) is used to iteratively trace the flowline back to the bow shock. Let p denote the point where the model flowline passing through r intersects the bow shock, u the unit downstream flow velocity direction vector at point p obtained from the flow model, and n the normal to the bow shock at the same point. These parameters are illustrated in Fig. 3 .
Following Génot et al. (2011) , we now apply the RankineHugoniot conditions v (n)
Here the superscripts (n) and (t) denote the component of the vector parallel and perpendicular to the normal n, and subscripts "u" and "d" upstream and downstream parameters, relative to the shock crossing. The solar wind velocity v u and density ρ u are considered inputs to the model, and the downstream flow velocity behind the shock is parallel to u and can be expressed as Note that the coefficient before u is a positive number, since the normal component of upstream and downstream flow velocity must have the same sign and density is a positive number. The ratio of upstream to downstream plasma density across the shock can be expressed from the same equations as
If we assume that plasma density is constant along the flowline from the shock to the point r, the constant v m0 is easily calculated from Eq. (8). While the approximation of constant density works reasonably well, Génot et al. (2011) proposed use of an ad hoc model for magnetosheath density which introduces a moderate density decrease near the magnetopause (associated with plasma depletion layer). Even though the model is relatively crude, it seems to correspond slightly better with observations (see Sect. 3.2) and is easy to implement. Similarly to Génot et al. (2011) , we thus assume that density ρ at a fractional distance F can be estimated from the density on the same flowline near the shock ρ d as
From the continuity equation and Eq. (8) we finally obtain the formula for the magnetosheath flow velocity (and for v m0 ):
Here, it should be noted that the choice of the tangential direction (t) in the plane tangential to the shock is arbitrary. To minimize the effect of measurement errors, we choose two orthogonal directions in the tangential plane, calculate the v (t) u /u (t) for both and use a quadratic mean value in Eq. (11). In this section we introduced a magnetosheath velocity model, which allows predicting the plasma bulk flow velocity for any location in the magnetosheath using only the upstream solar wind parameters (namely the solar wind velocity vector and parameters required by shock and magnetopause models: the IMF vector and plasma density). Flow vector direction can be calculated directly by a simple formula. To obtain the flow velocity magnitude, the flowline needs to be iteratively back-traced to the bow shock.
Validation of the model
Since the magnetosheath model presented in the previous section includes a number of assumptions and some ad hoc steps, the model needs to be tested against observed data and its performance evaluated. As a first check of the validity of the model, we plotted a color-coded magnitude of flow velocity in Fig. 4 in XY GSE plane. This plot can be directly compared to similar figures in the literature (Génot et al., 2011; Spreiter et al., 1966) and shows a good qualitative agreement.
To obtain a more quantitative assessment of the model performance, in this section we further test the model on in situ plasma observations from Cluster (Escoubet et al., 2001 ) and THEMIS spacecraft (Angelopoulos, 2008) and compare the results with the Génot et al. (2011) model.
Dataset
Our test dataset is composed of in situ measurements of magnetosheath ion flow velocity and corresponding sets of upstream solar wind parameters. Specifically: -Ion flow velocity from the HIA instrument (Rème et al., 1997) -OMNI2 solar wind parameters propagated to the bow shock at 1 min time resolution (King and Papitashvili, 2005) . We used the plasma flow velocity, plasma density, solar wind magnetic field and bow shock nose location parameters from the OMNI2 dataset.
For the ion velocity measurements, each datapoint represents a 5-min average. Only measurements taken in an instrument mode appropriate for magnetosheath plasma observations were included. Datapoints with an incomplete set of solar wind parameters in the OMNI dataset were excluded. Bow shock and magnetopause crossings were identified by visual inspection of magnetic field and ion data, and only intervals demonstrating magnetic field and plasma signatures consistent with magnetosheath were included in the dataset. The final dataset contains 23 554 valid magnetosheath velocity measurements (11 403 from Cluster and 12 151 from THEMIS) and covers a period of 7.5 months. The distribution of the data points in GSE coordinates is shown in Fig. 5 . It can be seen that the dataset covers a wide range of zenith angles ϑ from the sub-solar point to magnetosheath flanks (down to x ≈ −20 R E ). The measurements are distributed mostly south from the equatorial plane at latitudes from 0 to −50 • due to the orbits of Cluster and THEMIS spacecraft in the studied period. The asymmetric distribution in latitude might introduce certain bias in the statistics, but no fitting to data was employed in the derivation of the model and this bias could only result in underestimating of the discrepancy between the model and data. Since the model is cylindrically symmetric and so is (to the first order) the magnetosheath flow outside magnetospheric cusps, we do not see a reason why the accuracy of model prediction should be significantly different in the Northern Hemisphere. Two different spacecraft with different orbits and instrumen- tation are included to minimize instrument-specific systematic effects in the dataset.
Comparison with Génot et al. (2011) model
The statistical dataset described in the previous section was used to compare the prediction of our model to observed data and evaluate the relative performance of our model and the model described in Génot et al. (2011) .
The results are summarized in Table 1 , where several parameters characterizing the deviation of the model prediction from observed values are presented. The number of observations in each dataset that fall outside the model magnetosheath boundaries is given to characterize the applicability of the models to a real magnetosheath (the "Points outside model MSHT" rows in the table). For these observations the respective model cannot be used. For points within model magnetosheath, the error in the predicted flow velocity direction (which can be calculated efficiently without the need for flowline tracing) and the predicted magnitude are evaluated separately. The statistical results are shown for a total dataset, for datasets from individual spacecraft, and for subsolar (zenith angle ϑ ≤ 75 • ) and flank (ϑ > 75 • ) restricted datasets.
It is readily seen from Table 1 that significantly more observations fall outside the model magnetosheath in the case of the Génot et al. (2011) model. The rescaling and modification of the KF94 model proposed in the present article thus improves the applicability of the model. For the points where the models can be used, the discrepancies between model prediction and observations are comparable. The error Génot et al. (2011) on the datasets. Here δ dir is the angle between the predicted velocity V p and observed flow velocity V o . The quality of velocity magnitude prediction is quantified by the V p /V o ratio. For both quantities the table shows a median value and number, absolute and relative, of data points where the prediction deviates by less than 10 • in direction or by less than 25 % in magnitude from the observation. We also give the number of points in each dataset which fall outside the model magnetosheath, and thus do not allow the application of the respective flow model. in the model direction is in general very small (median error is less than 7 • ) and of similar magnitude for both models. The magnitude of flow velocity is slightly underestimated by the proposed model (median V p = 0.94V o ) and overestimated by the Génot et al. (2011) 
Both models give better predictions on the flanks of the magnetosheath and consequently for the THEMIS dataset which contains more flank observations. In fact, for the THEMIS dataset, the predictions of Génot et al. (2011) , in the cases where it could be used, are slightly better than for our model. It must be noted, however, that in the case of the flank dataset, the Génot et al. (2011) model was inapplicable for 25.0 % of observations. For comparison, our model could not be used for only 5.8 % of points in the dataset. A similar discrepancy is found for the THEMIS dataset. The correspondence of the model velocity direction with observations was in general worse for the sub-solar dataset where the proposed model shows a significant improvement over the Génot et al. (2011) model. The prediction of velocity magnitude was on average better for the proposed model for all test datasets, again with a greater improvement in the sub-solar magnetosheath.
The comparison of the proposed model with the data is visualized in Fig. 6 for the Cluster dataset and in Fig. 7 for the THEMIS dataset. The plots illustrate and confirm the good agreement of the model with observations and better performance of the model on the THEMIS dataset. The plots also show the distribution of very large errors: large errors in the predicted magnitude usually correspond to underestimated velocity, and the prediction is in general worse for very large or very small flow velocities.
Discussion and conclusions
The results presented in the previous section clearly demonstrate that the model proposed in this article provides estimates of plasma flow velocity in the magnetosheath in excellent correspondence with Cluster and THEMIS observations. The model is relatively simple to implement: the flow velocity direction (often sufficient) can be calculated directly using an algebraic formula, and the velocity magnitude estimate can be obtained at an additional cost of performing an iterative flowline tracing procedure. In comparison with the previous models by Kobel and Flückiger (1994) and Génot et al. (2011) , our model has fewer restrictions on the shape of the model bow shock and magnetopause and in general provides better correspondence with observations.
The correspondence of the flow velocity with observations was found to be exceptionally good and on par with the instrumental error associated with Cluster and THEMIS particle instruments. For the Cluster CIS HIA instrument, this error is typically around 6 • under optimal conditions when sufficient count rates are registered by the sensor without saturation (Rème et al., 1997; Martz et al., 1993) . The method used for the flow velocity magnitude calculation uses an ad hoc model of plasma density profile, and it could most likely be improved if required by a specific application. The accuracy of the prediction is strongly dependent on the bow shock and magnetopause models serving as inputs to the flow velocity model. We chose standard models with overall good performance for a wide range of upstream conditions, latitudes and longitudes. For specific applications, a user may choose different models to obtain better performance.
Another point where the present model could be improved is the modeling of the bow shock transition. In our approach, we used greatly simplified forms of Rankine-Hugoniot conditions, shown to be adequate for our purpose by Génot et al. (2011) . A more sophisticated solution for the downstream flow velocity, compatible with the respective shock model, could be included in the flow model, possibly improving the prediction of the flow velocity magnitude. Particularly viable models would be those described in Verigin et al. (2003) and Petrinec and Russell (1997) .
The model could be easily applied to other magnetized planets, provided that good bow shock and magnetopause models for the given planet were available. The model would have to be modified to incorporate those models, and since the solar wind and magnetospheric plasma conditions, as well as field geometry, can be very different for other planets, the ad hoc density model (Eq. 10) used in this paper may need to be modified as well. The quality of the prediction for those cases may be worse than for the terrestrial magnetosheath, and the model would have to be tested against observed data accordingly.
We believe that the model, as presented, is sufficiently robust and general for most magnetosheath studies requiring the knowledge of magnetosheath flowlines for the purpose of tracing the flow between multiple observation points or from a given spacecraft location to the bow shock, and it will present a computationally cheaper alternative to the models based on gas-dynamic equations (Stahara, 2002) .
